Introduction
In addition to stimulating B cells, macrophages and dendritic cells (DCs) to produce cytokines through the Toll-like receptor 9 (TLR9)-dependent pathway (reviewed in Akira and Hemmi, 2003; Wagner, 2004) , CpG-DNA and its synthetic CpG oligodeoxynucleotide (CpG-ODN) can also provide survival signals to the immune system (reviewed in Van Uden and Raz, 1999; Yi et al, 1999; Park et al, 2002) . It has been shown that CpG-ODN rescues B cells and DCs from spontaneous apoptosis by activating NF-kB and Akt (Yi et al, 1998 (Yi et al, , 1999 Park et al, 2002) .
Mammalian Akt is expressed ubiquitously with three isoforms: Akt1, Akt2 and Akt3 (reviewed in Datta et al, 1999) . All three isoforms share a 70-83% homology and contain two distinct functional domains: an N-terminal pleckstrin homology (PH) domain mediating protein-protein and protein-lipid interactions, and a central kinase domain with specificity for serine or threonine residues in substrate proteins (reviewed in Datta et al, 1999; Scheid and Woodgett, 2001) . It is well accepted that during the Akt activation process, the PH domain interacts with phosphatidylinositol-3 kinase (PI3K)-generated PI(3,4)-bisphosphate (PIP2) (Franke et al, 1997; Frech et al, 1997) and PI(3,4,5)-trisphosphate (PIP3) (Stephens et al, 1998) , facilitating translocation of Akt from the cytosol to plasma membrane (Sable et al, 1998) , where PIPs reside. This relocalization of Akt brings it in proximity to regulatory kinases that phosphorylate and activate Akt. However, recent studies reported that interaction of Akt with Tcl1, a 14 kDa protein that is encoded by 14q32.1 or Xq28 regions related to human T-cell prolymphocytic leukemia, induces Akt phosphorylation and activation (Laine et al, 2000; Pekarsky et al, 2000; reviewed in Brazil et al, 2002) . These studies suggest that binding of Tcl1 to Akt may mimic the conformational change induced while PIP3 engages the kinase, therefore triggering kinase activation. Two important inducible phosphorylation sites on Akt have been identified: Thr308/309/305 and Ser473/474/471 (Akt1, Akt2 and Akt3 respectively; reviewed in Scheid and Woodgett, 2001 ). Thr308 (308T) is essential for Akt activation whereas Ser473 (473S) is required for full activation of Akt (reviewed in Datta et al, 1999; Scheid and Woodgett, 2001 ). Activated Akt subsequently phosphorylates and inactivates several proapoptotic molecules (reviewed in Datta et al, 1999; Scheid and Woodgett, 2001 ) and phosphorylates the alpha subunit of IkB kinase (IKK), which in turn activates NF-kB (reviewed in Ghosh and Karin, 2002) . Thus, Akt is capable of mediating both antiapoptotic and proliferative signals at multiple points of signaling pathways.
DNA-dependent protein kinase (DNA-PK) is a serine/threonine protein kinase and is composed of a large 470 kDa catalytic subunit (DNA-PKcs) and Ku70/80 subunits (reviewed in Smith and Jackson, 1999) . Biological and genetic evidence reveals that DNA-PKcs and Ku proteins are essential for repair of double-stranded DNA breaks (DSBs) created by intrinsic and extrinsic events as well as the development of B and T lymphocytes (reviewed in Smith and Jackson, 1999) . The molecular mechanism of DNA repair involves interaction of DSBs with Ku proteins, which in turn recruit DNA-PKcs into the complex, leading to DNA-PK activation (reviewed in Smith and Jackson, 1999; Lee and Kim, 2002) . However, recent studies have identified that Ku70 is uniquely involved in Bax-related apoptosis (reviewed in Norbury and Zhivotovsky, 2004) , suggesting that each DNA-PK subunit can function independently in certain circumstances. Furthermore, DNA-PKcs is involved in activation of IKK and NF-kB in response to CpG-DNA-and DNA-damaging reagents (Chu et al, 2000; Panta et al, 2004) . DNA-PKcs is a member of the PI3K-like kinase family. Although available evidence indicates that DNA-PKcs has protein, but not lipid kinase activity (KA; reviewed in Smith and Jackson, 1999) , whether DNA-PKcs can target downstream events of the PI3K pathway is largely unknown.
We investigated signal pathways responsive to CpG-DNA that can activate Akt. We have obtained evidence indicating that a pathway leading to Akt activation is dependent on DNA-PKcs, but less likely on TLR9. We demonstrate that DNA-PKcs acts upstream by associating with it and mediating Akt nuclear translocation. We conclude that DNA-PKcs is an important intermediate in the CpG-DNA-triggered Akt signaling pathway.
Results

DNA-PKcs acts upstream to Akt
Recently, a study suggested that CpG-ODN induces phosphorylation of Akt . However, the molecular mechanism of how CpG-ODN activates Akt is not clear. Since we previously showed that CpG-DNA activates DNA-PKcs, which in turn triggers the IKK and NF-kB pathway, we investigated the role of DNA-PKcs in activation of Akt. Initially, we used bone marrow-derived macrophages (BMDMs) from DNA-PKcs-deficient mice (Ouyang et al, 1997; Chu et al, 2000) . Wild-type (wt) and DNA-PKcs-deficient BMDMs were treated with CpG-ODN and then KA of three isoforms of Akt (Akt1, Akt2 and Akt3) was determined by a kinase assay. In wt BMDMs, KA of all Akt isoforms was observed as early as 15 min post-CpG-ODN incubation and decayed after 2 h ( Figure 1A , upper left panel). In contrast, loss of the DNA-PKcs subunit largely impaired activation of Akts by CpG-ODN ( Figure 1A , upper left panel). Quantitative analysis revealed that activation of Akt in DNA-PKcs-deficient BMDMs is significantly lower than that in wt controls ( Figure 1A , right panel). We also examined Akt1 kinase activation by the phosphodiester form of CpG-ODN in both wt and DNA-PKcs-deficient cells and found that this form behaved the same way as the phosphorothioate form of CpG-ODN (data not shown). Since TLR9 has been proposed as the receptor for CpG-DNA (reviewed in Wagner, 2004; Ulevitch, 2004) , we determined Akt KA in TLR9-deficient BMDMs. Surprisingly, both wt and TLR9-deficient cells were almost equally responsive to CpG-ODN in activating Akts ( Figure 1A , upper left panel). As an internal control, we measured IKK KAs in wt and TLR9-and DNA-PKcs-deficient BMDMs. In agreement with previous reports (Chu et al, 2000; Hemmi et al, 2000) , IKK KA was largely reduced in either DNA-PKcsor TLR9-deficient BMDMs ( Figure 1A , lower left panel). To confirm our observations, we used BMDMs isolated from SCID mice in which a T to A mutation in the DNA-PKcs gene creates an unstable, truncated protein missing the last 83 amino acids of the kinase domain (Blunt et al, 1996; reviewed in Smith and Jackson, 1999) . As shown in Figure 1B , little activation of Akt was observed in SCID BMDMs; however, activation of JNK remained largely unaffected in SCID cells compared to wt controls.
Next, we determined if activation of Akt by CpG-ODN is due to phosphorylation of Akt on the canonical sites. In line with a previous report , incubation of CpG-ODN with wt BMDMs induced phosphorylation of 473S on Akt ( Figure 1C-F) . However, much lower levels of phosphorylation of Akt (473S) were observed in either DNA-PKcs-deficient ( Figure 1C ) or SCID BMDMs ( Figure 1D ). Interestingly, loss of TLR9 had no evident consequence on Akt phosphorylation ( Figure 1C ). Since our experimental data showed that CpG-ODN induced weak phosphorylation of Akt on 308(309)T, we decided to immunoprecipitate Akt2 and perform an in vitro phosphorylation assay. Strong phosphorylation of Akt2 on 309T and 474S was observed in wt but not DNA-PKcs-deficient cells (data not shown).
Since DNA-PKcs is important for DNA repair, it is possible that a defect in Akt activation by CpG-ODN is due to genomic instability or a defect in development. To rule out these possibilities, we examined Akt phosphorylation in BMDMs isolated from Ku70-or Rag1-deficient mice, which have a similar phenotype to DNA-PKcs deficiency (Kurimasa et al, 1999; Bassing et al, 2002) . As shown in Figure 1E and F, both Ku70-and Rag1-deficient BMDMs were as efficient as wt cells in inducing phosphorylation of Akt by CpG-ODN.
Taken together, our findings demonstrate that DNA-PKcs acts upstream to Akt and is important for both phosphorylation and activation of Akt in BMDMs in response to CpG-ODN.
DNA-PK directly activates Akt in vitro
To further explore the role of DNA-PKcs in activation of Akt, we determined whether commercially available, purified DNA-PK directly activates recombinant Akt purified from Sf9 cells. Freshly prepared, inactive recombinant Akts only displayed very low basal KA. However, incubation of DNA-PK with Akt in the absence of PIP3 induced robust Akt KA measured by GSK3a/b phosphorylation (Figure 2A and B) . Although DNA-PK itself induced phosphorylation of GSK3a/b, its activity was considerably lower than that achieved by Akt in the presence of DNA-PK (Figure 2A and B). Intriguingly, DNA-PK together with CpG-ODN resulted in a large increase in Akt2 activity ( Figure 2B ), whereas DNA-PK itself strongly induced Akt1 and Akt3 activation, suggesting that once sufficient amounts of DNA-PK are present it may activate Akt by direct protein-protein interaction ( Figure 2A ). As a positive control, we examined activation of Akt by recombinant active 3-phosphoinositide-dependent kinase-1 (PDK1), the physiological kinase for Akt (reviewed in Datta et al, 1999) , purified from Sf9 cells. Incubation of inactive Akt1 with active PDK1 in the absence of PIP3 induced little GSK3a/b phosphorylation ( Figure 2C ). In contrast, incubation of active Akt1, which was preincubated with active PDK1 in the presence of PIP3 and then purified, resulted in tremendous phosphorylation of GSK3a/b ( Figure 2C ). Thus, these results further confirmed that PIP3 is essential for PDK1 to activate Akt. In addition, we found that coincubation of DNA-PK with Akt augmented phosphorylation of GSK3a/b in a time-dependent manner ( Figure 2D ). Increased levels of phosphorylated GSK3a/b were accompanied by correspondingly enhanced phosphorylation of Akt ( Figure 2D ). Finally, we explored contributions of both 308T and 473S phosphorylation to activation of Akt by DNA-PK. Recombinant GSTAkt1 and GST-Akt1 point mutants purified from bacteria were incubated with or without DNA-PK in the presence or absence of CpG-ODN, respectively. As shown in Figure 2E , mutations of T308A, S473A or both T308A and S473A impaired activation of Akt by DNA-PK, suggesting that phosphorylation of both 308T and 473S is important for full activation of Akt by DNA-PK.
DNA-PK induces phosphorylation of Akt in vitro
Our results above prompted us to further examine whether DNA-PK directly phosphorylates Akt, using in vitro phosphorylation assays. Incubation of recombinant inactive Akt2 with DNA-PK resulted in strong phosphorylation of Akt on 309T (Akt2, lane 7 versus lane 3) ( Figure 3A ), which was not significantly enhanced by the presence of CpG-ODN (lanes 11 and 12 versus lanes 7 and 8) ( Figure 3A ). However, incubation of Akt1 with DNA-PK led to an increase in phosphorylation of Akt1 on 308T (lane 8 versus lane 4) ( Figure 3B ), which was further intensified in the presence of CpG-ODN (lane 12 versus lanes 8 and 4, lane 11 versus lanes 7 and 3) ( Figure 3B ).
Unlike 309T, phosphorylation of Akt2 on 474S was not significantly enhanced by DNA-PK alone (lanes 7 and 8 versus lanes 3 and 4) ( Figure 3A ), but was largely induced in the presence of CpG-ODN (lanes 3, 4 versus lanes 7, 8 and lanes 11, 12) ( Figure 3A ). Interestingly, incubation of DNA-PK with Akt1 resulted in considerable phosphorylation of 473S (lane 7 versus lane 3), which was further augmented by the 
Figure 1 DNA-PKcs is involved in activation and phosphorylation of Akt in BMDMs. (A) Left panel: wt, DNA-PKcs À/À and TLR9 À/À BMDMs were treated with CpG-ODN (10 mg/ml), TNF (10 ng/ml) or left untreated. At the indicated durations, cells were lysed by a lysis buffer (200 mM NaCl). A 200 mg portion of cell lysates was used to determine Akt KA by a kinase assay using GSK3a/b as a substrate (upper left panel) or IKK KA using GST-IkBa(1-54) as a substrate (lower left panel). The equal presence of samples was determined by an immunoblotting (IB) analysis using anti-Akt1, anti-Akt2 and anti-Akt3 antibodies. Right panel: quantitative analysis of Akt1 KA (relative fold) in wt, DNA-PKcs-deficient and TLR9-deficient BMDMs was performed using the Sigma Gel software. Data are mean7s.e.m. (n ¼ 4). *Po0.018, **Po0.003 and ***Po0.005 indicate statistical significance of Akt KAs in wt versus that in DNA-PKcs-deficient BMDMs treated by CpG-ODN for 7.5, 15, 30, 60 or 120 min. (B) wt and SCID BMDMs were treated with CpG-ODN (10 mg/ml), TNF (20 ng/ml) or left untreated. At the indicated durations, cell lysates were prepared. Akt KA was determined. JNK KA was measured by a kinase assay using GST-ATF2(6-96) as a substrate. The equal presence of proteins was determined by an IB analysis. (C-F) wt, DNA-PKcs
À/À and Rag1 À/À BMDMs were treated with CpG-ODN (10 mg/ml), LPS (3 mg/ml) or TNF (10 ng/ml) for the indicated durations or left untreated. Cell lysates were prepared and phosphorylation of Akt or JNK1/2 was detected using anti-phospho antibodies against Akt (473S) and JNK1/2, respectively. presence of CpG-ODN (lane 10 versus lanes 6 and 2, lane 11 versus lanes 7 and 3) ( Figure 3B ). Indeed, DNA-PK has the ability to phosphorylate Akt on 473S as the substitution of 473S with alanine (S473A) impaired DNA-PK-induced Akt phosphorylation ( Figure 3C ). As we expected, active PDK1 did not induce phosphorylation of Akt1 on 473S ( Figure 3D ) (reviewed in Datta et al, 1999; Brazil et al, 2002) .
However, commercially available DNA-PK purified from HeLa cells contains Ku proteins and may not be 100% pure. In order to verify that DNA-PKcs mediates phosphorylation of Akt, we immunoprecipitated DNA-PKcs from this purified DNA-PK and then performed an in vitro kinase assay using recombinant Akt1 as a substrate. As shown in Figure 3E , immunoprecipitated DNA-PKcs enhanced Akt Fold increase E phosphorylation. Taken together, our findings demonstrate that DNA-PK induces phosphorylation of Akt on 308T and 473S.
DNA-PKcs associates with Akt in vitro and in vivo
To assess the possible functional interaction between DNAPKcs and Akt, we first examined interaction of Akt with DNA-PKcs in vitro. As shown in Figure 4A , DNA-PKcs was co-immunoprecipitated with Akt using an anti-Akt antibody, but not control IgG. Next, we immunoprecipitated endogenous DNA-PKcs and analyzed the immune complexes for the presence of Akt using anti-Akt antibodies. Association of DNA-PKcs with Akt was detected in BMDMs as early as 15 min poststimulation with CpG-ODN ( Figure 4B, upper panel) . As a negative control, treatment with TNF did not induce interaction between DNA-PKcs and Akt in BMDMs ( Figure 4B, upper panel) . To further verify the association, we incubated immobilized GST-Akt1 beads with CpG-ODN-treated 8226 (a human B-lymphoma cell line) cell lysates and found that DNA-PKcs was co-immunoprecipitated with GST-Akt1, but not with GST-c-Jun ( Figure 4C ).
Next, we examined whether this interaction correlates with Akt activation by CpG-ODN. As shown in Figure 4B (lower panel), phosphorylation of Akt was observed after 15 min incubation with CpG-ODN, gradually increasing and reaching maximal level around 180 min, suggesting that association of Akt with DNA-PKcs results in initial activation of Akt by CpG-ODN. Moreover, phosphorylated Akt was detected in the DNA-PKcs-Akt complex upon CpG-ODN treatment ( Figure 4D ).
Recently, a study suggested that DNA-PKcs localizes in the lipid rafts (Lucero et al, 2003) . We confirmed this finding using 8226 cells and further found that peaks of DNA-PKcs in the lipid rafts were slightly changed after stimulation with CpG-ODN ( Figure 4E ). As a positive control, caveolin 1 was observed in the lipid rafts ( Figure 4E and data not shown). Since a study reported that Akt and its 473S kinase complex reside in the lipid rafts (Hill et al, 2002) , we decided to examine if DNA-PKcs interacts with Akt at this special inner cell membrane. Our immunoprecipitation assay results showed that DNA-PKcs associated with Akt in the lipid rafts in unstimulated 8226 cells, and in cells stimulated with CpG-ODN for 15 min ( Figure 4F , left panel). Weak association was also observed in cells stimulated for 30 min, but not 60 min ( Figure 4F , left panel).
DNA-PKcs is involved in Akt nuclear translocation in response to CpG-ODN
Akt primarily resides in the cytoplasm, but in some cells it is also localized in the nucleus (Ahmed et al, 1993) . It has been well established that, in certain circumstances (e.g., insulinand IGF-stimulated cells as well as Tcl1-transfected cells), Akt translocates into the nucleus Meier et al, 1997; Pekarsky et al, 2000) . DNA-PKcs, on the other hand, has been reported to be in both the cytoplasm and nucleus in human cells, but mainly in the nucleus except during the M phase of the cell cycle (Carter et al, 1990; Danska et al, 1996; Koiker et al, 1999; Nilsson et al, 1999) . Surprisingly, DNA-PKcs was detected to be primarily within the cytoplasm of mouse embryonic fibroblasts (MEFs) and BMDMs, whereas it is predominantly a nuclear protein in HeLa cells (Figure 5A and B) . Thus, we sought to determine whether CpG-ODN treatment affects subcellular localization of both Akt and DNA-PKcs in BMDMs. Since all three isoforms of Akt have some basal activity in quiescent BMDMs, we decided to perform an immunofluorescence assay using an anti-phospho-Akt (308T) antibody, which is able to recognize all isoforms of phospho-Akt (pAkt). Although interaction of DNA-PKcs with Akt identified by an immunoprecipitation assay in untreated BMDMs was undetectable ( Figure 4A ), colocalization of DNA-PKcs and pAkt was observed ( Figure 5B ). Nuclear translocation of both pAkt and DNA-PKcs was enhanced after 30 min incubation with CpG-ODN and reached maximal level after 45 min ( Figure 5B ). In contrast, loss of DNA-PKcs largely impaired nuclear translocation of pAkt in response to CpG-ODN ( Figure 5B ). We also quantitatively analyzed nuclear intensity of DNA-PKcs and pAkt versus that of whole cells. As shown in Figure 5C and D, DNA-PKcs and pAkt transiently translocated into the nucleus after CpG-ODN treatment. The nuclear translocation of pAkt in response to CpG-ODN was further confirmed by an IB analysis using nuclear fractions of CpG-DNA-treated BMDMs from both wt and DNA-PKcs-deficient mice (data not shown). Taken together, our observations demonstrate that CpG-ODN induces transiently nuclear translocation of both DNA-PKcs and pAkt, and that DNA-PKcs is important for CpG-ODNinduced pAkt nuclear translocation.
Discussion
Activation of the immune system by CpG-DNA has been shown to be dependent on its ability to induce gene expression. However, now it is recognized that the CpG-driven cell 32 P]ATP in the presence or absence of CpG-ODN (2.5 ng/reaction) at 301C for 30 min. The reactions were stopped by addition of 4 Â sample buffers. The samples were boiled, loaded on 10% SDS-PAGE, transferred onto PVDF membranes and visualized via autoradiography followed by an IB analysis using anti-DNA-PKcs (mAb, cocktail), anti-Akt1, anti-Akt2 and anti-Akt3 antibodies. (C) Inactive Akt2 (200 ng) and GSK3a/b were incubated with active PDK1, purified DNA-PK (25 U), purified DNA-PK (25 U) together with CpG-ODN (1.25 ng) or left alone. In all, 20 U of active AKT (phosphorylated by active PDK1 in the presence of PIP3, Upstate, NY, USA) was incubated with GSK3a/b. Reactions were performed in the presence of 3.3 mCi of [g-32 P]ATP at 301C for 30 min. (D) Activation of Akt1 by DNA-PK is in a time-dependent manner. Inactive GST-Akt1 (50 ng) together with purified DNA-PK (10 U), inactive GST-Akt1 (50 ng) or purified DNA-PK was incubated with 0.25 mg of GSK3a/b and 3.3 mCi of [g-32 P]ATP in the presence of CpG-ODN (2.5 ng/reaction) at 301C for the indicated time points. The equal presence of Akt was examined by an IB assay using an anti-Akt1 antibody. (E) wt GST-Akt1(301-479, Akt) and GST-Akt1(301-479) mutant (Akt mutants) constructs were generated and expressed in Escherichia coli. Purified recombinant GST fusion proteins (25 ng) were incubated with DNA-PK (25 U), 0.25 mg of GSK3a/b and 3.3 mCi of [g-32 P]ATP in the presence or absence of CpG-ODN (2.5 ng/reaction) at 301C for 30 min. The equal presence of each sample was determined by an IB assay using an anti-GST antibody. Note: Quantitative analysis of Akt KA (fold increase) in all in vitro kinase assays was performed using the Sigma Gel software. survival through activation of the NF-kB and PI3K/Akt pathways (Yi et al, 1998 (Yi et al, , 1999 Park et al, 2002 ) also plays a role in regulating immune response.
Since TLR9 has been known as the receptor for CpG-DNA (reviewed in Ulevitch, 2004; Wagner, 2004) , it is expected that TRL9 is required for activation of Akt by CpG-ODN. Intriguingly, neither the presence of TLR9 inhibitor, chloroquine (A-M Dragoi and W-M Chu, unpublished observation), nor loss of TLR9 impairs activation of Akt by CpG-ODN. In contrast, a previous report showed that TLR9 deficiency leads to a defect in activation of IKK by CpG-ODN (Figure 1 ; Hemmi et al, 2000) . The discrepancy regarding the role of TLR9 in activation of the immune system in response to CpG-DNA has been previously reported. For example, TLR9 is not critical for CpG-ODN-mediated crosspresentation of DNAconjugated antigens, but pivotal for crosspriming of CD8 cells (Heit et al, 2003) . TLR9 is not required for activation of human neutrophils, but essential for the function of human plasmacytoid DCs in response to CpG-DNA (Krug et al, 2001a, b; Kerkmann et al, 2003; Trevani et al, 2003) . These studies suggest that TLR9 is not the only receptor for CpG-DNA; in the absence of TLR9, other protein factors could be critical for activation of CpG-DNA pathways in certain circumstances. Indeed, our results presented here not only provide an additional line of evidence to support this scenario, but also demonstrate a novel pathway that leads to Akt activation by CpG-DNA.
We have obtained evidence indicating that Akt activation is dependent on DNA-PKcs, which acts upstream to Akt. We showed that phosphorylation and activation of Akt are largely impaired in DNA-PKcs-deficient BMDMs (Figure 1) . Moreover, SCID BMDMs cannot mount a normal Akt phosphorylation and activation in response to CpG-ODN.
Furthermore, loss of Ku70 and Rag1 did not result in a defect in Akt phosphorylation, excluding roles of DNA instability and developmental failure in the CpG-DNA/Akt pathway. Thus, our findings reveal a link between DNA-PKcs and Akt. This fits nicely with the function of DNA-PKcs and Akt, which are both important for maintaining homeostasis of the immune system (Hill et al, 2002; Rathmell and Thompson, 2002) .
Our results further demonstrate that DNA-PK directly triggers Akt activation, which is largely dependent on phosphorylation of Akt on 308T and 473S. Previous work has established that PDK1 is the physiological kinase for 308T on Akt1. However, phosphorylation of Akt1 on 308T by PDK1 requires PIP3. Here, we showed that, in the absence of PIP3, DNA-PK was able to induce phosphorylation of 308(309)T in vitro. As previously shown for Tcl1 (Laine et al, 2000; Pekarsky et al, 2000) , phosphorylation of 308(309)T and consequently activation of Akt by DNA-PK could be due to its interaction with Akt and the subsequent conformational change of Akt. Indeed, we identified that Akt interacted with DNA-PKcs in vitro ( Figure 4A ). Moreover, our results showed that incubation of DNA-PK with inactive Akt also resulted in robust phosphorylation of 473(474)S on Akt. Using GST-Akt1 and GST-Akt1 (S473A) as substrates, we observed that S473A mutation largely impaired phosphorylation of Akt by DNA-PK (Figures 2 and 3C ), suggesting that DNA-PK is a kinase for 473S. This scenario is supported by recent evidence showing that DNA-PKcs is involved in phosphorylation of Akt on 473S in response to insulin and pervanadate . Furthermore, whereas activation of DNA-PK was important for Akt2 activation ( Figure 2B ), there was no significant difference between DNA-PK and DNA-PK together with CpG-ODN in activation of Akt1 and Akt3. This does not mean that activity of DNA-PK is not important for Akt1 and Akt3 activation. In fact, DNA-PK inhibitor, wortmannin, was able to inhibit activation of Akt1 by DNA-PK in vitro (A-M Dragoi and W-M Chu, unpublished observation). Moreover, phosphorylation of Akt1 on 308T and 473S was further enhanced by DNA-PK in the presence of CpG-ODN ( Figure 3A and B) . Therefore, it seems that both interaction and DNA-PK KA are important for phosphorylation and activation of Akt in vitro. In addition, genetic evidence reveals that biological consequences of Akt1 and Akt2 deficiency are different, suggesting that Akt1 and Akt2 could be regulated differently. Thus, it is possible that DNA-PK differentially activates Akt1 and Akt2 in certain circumstances.
Since DNA-PK directly activates Akt via phosphorylation and protein-protein interaction in vitro, we postulated that DNA-PKcs physiologically interacts with Akt in vivo, leading to Akt activation. We obtained evidence that DNA-PKcs associates with Akt in BMDMs in a CpG-DNA-dependent manner. This association is functional as the interaction of Akt with DNA-PKcs correlated with Akt phosphorylation in response to CpG-ODN and phosphorylated Akt was identified in the Akt/DNA-PKcs immune complex. Interestingly, our confocal results showed that some pAkt colocalized with DNA-PKcs close to the membrane in unstimulated BMDMs. This colocalization of pAkt may bring it in proximity to DNAPKcs that further enhances its phosphorylation and activation in response to CpG-DNA. Alternatively, the colocalization may suggest that pAkt loosely contacts DNA-PKcs in quiescent BMDMs in an association that is too weak to be detectable by a conventional immunoprecipitation assay. However, association of Akt and DNA-PKcs in the lipid rafts was observed in quiescent human B-lymphoma cells ( Figure 4F) .
Finally, our results demonstrate that CpG-DNA induces transient nuclear translocation of both pAkt and DNA-PKcs and that the pAkt nuclear translocation is DNA-PKcs-dependent. DNA-PKcs was originally identified as a nuclear protein in human cells and later was found to be in the cytosol and the lipid rafts (Carter et al, 1990; Danska et al, 1996; Koiker et al, 1999; Nilsson et al, 1999; reviewed in Smith and Jackson, 1999; Lucero et al, 2003) . Surprisingly, DNA-PKcs primarily resides in the cytoplasm of MEFs and mouse BMDMs ( Figure 5B ). To verify this observation, we used different anti-DNA-PKcs antibodies to examine the distribution of DNA-PKcs in HeLa, wt and DNA-PKcs-deficient cells. As we expected, DNA-PKcs was mainly localized in the nucleus of HeLa cells and was not detected in DNA-PKcsdeficient BMDMs and MEFs ( Figure 5A and B) . Thus, the nuclear distribution of DNA-PKcs in mouse cells is different from that in human cells. Coincidentally, the majority of pAkt was detected in the cytoplasm. It has been suggested that stimuli, such as, insulin and IGF, induce transient nuclear translocation of Akt, which does not have an inherent nuclear localization sequence, in human embryonic kidney cells (293) or MEFs Meier et al, 1997) . This translocation was independent of Akt KA and the PH domain of Akt . A recent study indicated that in MEFs overexpressing Akt and Tcl1, Akt1 constitutively localized in the nucleus (Pekarsky et al, 2000) . Since Akt1 interacts with Tcl1, it is possible that interaction between Akt and Tcl1 is responsible for Akt nuclear translocation (Pekarsky et al, 2000) . However, since Tcl1 is only expressed in certain lymphocytes, additional molecules responsible for Akt nuclear translocation may exist. Here, we identified that CpG-DNA induces transient nuclear translocation of DNA-PKcs, which parallels that of pAkt in BMDMs ( Figure 5B ). This change is DNA-PKcs-dependent as loss of the DNA-PKcs largely impaired CpG-ODN-induced pAkt nuclear translocation. Thus, it is possible that DNA-PKcs interacts with and further activates Akt upon CpG-DNA stimulation, leading to the assembly of a complex that promotes the nuclear transport of pAkt.
The physiological outcome of the DNA-PKcs-dependent Akt activity is expected to occur through phosphorylation of Akt-specific targets, which are present in the lipid rafts, the cytosol and the nucleus. One of them is the IKK. It has been suggested that Akt is upstream to IKKa and NF-kB (reviewed in Ghosh and Karin, 2002) . Moreover, our previous study and another suggested that DNA-PKcs is also involved in activation of IKK and NF-kB (Chu et al, 2000; Panta et al, 2004) . Thus, it is possible that DNA-PKcs activates Akt, which in Figure 5 CpG-ODN induces DNA-PKcs and DNA-PKcs-dependent pAkt nuclear translocation. (A) Localization of DNA-PKcs in both HeLa and MEFs. HeLa, wt MEFs and DNAPKcs À/À MEFs were stained with anti-DNA-PKcs (mAb, cocktail) and anti-mouse-rhodamine antibodies. Images were detected by a confocal microscopy. The fluorescent images (lower panels) were superimposed on a bright field image of the respective cells (upper panels). (B) pAkt translocates into the nucleus in a DNA-PKcs-dependent manner following CpG-ODN treatment. wt and DNA-PKcs À/À BMDMs were treated with CpG-ODN (10 mg/ml) as indicated, fixed, permeabilized and immunostained with an anti-DNA-PKcs mAb (cocktail)/rhodamine and an anti-phospho-Akt (308T) antibody/FITC. The nuclear region was identified with DAPI staining. Quantitative analysis of DNA-PKcs (C) and pAkt (D) translocation was performed using the Leica Confocal software: the ratio of mean intensity of DNA-PKcs (C) or pAkt (D) signal in the nuclear region versus the total mean intensity for the respective cell was calculated for at least 10 randomly selected cells from several different fields. The means of all calculated ratios for DNA-PKcs in wt BMDMs (C) or pAkt in wt and DNA-PKcs À/À BMDMs (D) following CpG-ODN treatment were graphed. The nucleus was defined by DAPI staining.
turn activates IKK and NF-kB. Since both Akt and NF-kB are important for cell survival, our results may help explain some clinical effects of CpG-DNA and DNA-PK inhibitors. For insistence, it has been suggested that the CpG-ODN-induced enhancement of the efficacy of monoclonal antibody (mAb) therapy for chronic lymphocytic leukemia (CLL) was due, at least in part, to the CpG-ODN's antiapoptotic effect on B cells (Warren and Weiner, 2002) . This antiapoptotic effect may be caused by activation of Akt and NF-kB by DNA-PKcs. Furthermore, we observed that in human B lymphoma (8226) cells, Akt has high basal activity (data not shown) and associates with DNA-PKcs in the lipid rafts ( Figure 4F ). The former is in line with observations that Akt activity is associated with cancer development and anticancer drug resistance (reviewed in Hanada et al, 2004) ; the latter may provide insight into how Akt is activated in cancerous cells. Indeed, it has been reported that tumor cells resistant to anticancer drugs show increases in both DNA-PK expression and activity, and that the use of DNA-PK inhibitor wortmannin is likely to improve the effectiveness of anticancer drug, suggesting that DNA-PK may play an important role in the development of multi-drug resistance (MDR) Muller et al, 1998 Muller et al, , 2000 Um et al, 2003) . Since DNA-PKcs interacts with and activates Akt, it is very possible that both DNA-PK and Akt activities contribute to cancerous cell survival. Thus, selective inhibition of DNA-PK or Akt activation may be beneficial for anticancer therapy.
In conclusion, this work identifies Akt as a target of DNAPKcs, but not a downstream relay molecule of TLR9 in response to CpG-ODN. DNA-PKcs associates with Akt, specifically inducing both phosphorylation and activation of Akt as well as promoting transient nuclear translocation of pAkt. Thus, DNA-PKcs not only plays a role in activation of IKK and NF-kB but also acts upstream to Akt upon CpG-DNA stimulation.
